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Sensitivity to ethylene: the key factor in submergence-induced 
shoot elongation of Rumex
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Department o f  Ecology, University o f  Nijmegen, Toernooiveld, 6525 ED Nijmegen, the Netherlands
ABSTRACT
Rosettes of flooding-resistant Rumex palustris plants show 
a submergence-induced stimulation of elongation, which is 
confined to the petioles of young leaves. This response 
increases the probability of survival. It is induced by ethy­
lene that accumulates in submerged tissues. Flooding- 
intolerant Rumex acetosella  plants do not show this 
response. We investigated whether differences in shoot 
elongation between the species, between old and young 
leaves and between the petiole and leaf blade of a R. palus­
tris plant result from differences in internal ethylene con­
centration or in sensitivity to the gas. Concentrations of 
free and con jugated A C C  in petioles and leaf blades of R. 
palustris indicated that ethylene is synthesized throughout 
the submerged shoot, although production rates varied 
locally. Nevertheless, no differences in ethylene concentra­
tion were found between submerged leaves of various 
ages. In contrast, dose-response curves showed that only 
elongation of young petioles of R. palustris was sensitive to 
ethylene. In R. acetosella , elongation of all leaves was 
insensitive to ethylene. We conclude that variation in ethy­
lene sensitivity rather than content explains the differ­
ences in submergence-induced shoot elongation between 
the two Rumex species and between leaves of R. palustris.
Key-words: Rumex palustris; Rumex acetosella; Polygonaceae; 
docks; ethylene sensitivity; shoot elongation; submergence.
INTRODUCTION
The gaseous hormone ethylene plays many roles during 
plant development. For example, seedlings of many dicots 
are able to penetrate compacted soil more readily as a 
result of the so-called ‘triple response’ to ethylene, which 
is a combination of radial expansion and inhibition of elon­
gation and the tightening of the apical hook. In adult plants, 
ethylene regulates the ripening of fruits, senescence of 
leaves, the subsequent abscission of plant parts and various 
stress responses (Abeles, Morgan & Saltveit 1992).
In most terrestrial plants, ethylene inhibits stem and leaf 
elongation (Abeles et al. 1992). However, it stimulates 
shoot elongation in many aquatic and amphibious species,
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such as Callitriche plcitycarpa (Musgrave, Jackson & Ling 
1972), Ranunculus sceleratus (Musgrave & Walters 1973), 
Oryzci scitiva (Metraux & Kende 1983), Nymphoides 
peltatci (Ridge & Amarasinghe 1984) and Rum expalustris  
(Voesenek & Bloin 1989b). Unlike most terrestrial plants, 
amphibians can survive short periods of submergence 
although they need to protrude above the water surface for 
longer-term survival and reproduction (Ridge 1987). Since 
most plants continuously produce small amounts of ethy­
lene, submergence leads to accumulation by physical 
entrapment by the surrounding water (Musgrave et al.
1972; Voesenek et al. 1993). In submerged amphibious 
plants, this entrapped ethylene enhances shoot elongation 
which restores leaf-air contact. This is an important mech­
anism to increase the chances of survival (Laan & Blom 
1990; van der Sman et al. 19 9 1).
Species o f  the genus Rumex  form a gradient from strictly 
terrestrial to amphibious, ranging from R. acetosella , 
which grows on dry sandy soils, to R. palustris , a species 
from frequently Hooded mud-flats along the riverside 
(Blom et al. 1994). In vegetative rosettes of flooding-resis­
tant R. palustris , submergence stimulates shoot elongation. 
This response is stronger in younger leaves, particularly 
the petioles (Voesenek & Blom I989a,b; Banga, Blom & 
Voesenek 1995). In rosettes of flooding-intolerant R. ace­
tosella , which are never flooded under natural conditions, 
leaf elongation is neither stimulated nor inhibited when 
plants are submerged in the laboratory ( Banga et al. 1995).
Submerged R. palustris  and R. acetosella  plants accu­
mulate ethylene to similar levels (Blom et al. 1994). 
Moreover, large variations in the ethylene concentration 
between leaves of various ages or between leaf blades and 
petioles of R. palustris are unlikely, since this species 
probably possesses an internal interconnected gas-space 
system. Only if ethylene production rates varied strongly 
between shoot organs would some variation in the ethylene 
concentration within a submerged R. palustris shoot occur. 
It is our hypothesis that differences in the submergence- 
induced elongation response between species (R. palustris  
and R. acetosella), between leaves of various ages and 
between the petiole and leaf blade are not caused by varia­
tion in ethylene concentrations, but are related to differ­
ences in ethylene sensitivity, defined as the response to 
exogenously applied hormone (Trewavas 1981; Weyers, 
Paterson & A ’Brook 1987). The experiments described in 
this paper test this hypothesis.
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Firstly, localization o f  ethylene biosynthesis in sub­
merged R. palustris  plants was investigated, to determine 
whether ethylene production rates vary markedly between 
leaves o f  different ages or between leaf blades and petioles. 
Direct determination o f  the sites o f  ethylene synthesis in 
submerged plants is impossible because ethylene can only 
be measured in the gas phase. Therefore, we chose to mea­
sure concentrations o f  free and conjugated ACC ( l -  
aminocyclopropane-l-carboxylic acid) in petioles and leaf 
blades. ACC is the immediate precursor o f  ethylene 
(Adams & Yang 1979). ACC can also be irreversibly con­
jugated to stable MACC [ l-(malonylamino)cyclopropane- 
l-carboxylic acid; Amrhein et al. 19 8 1; Hoffman & Yang 
1982; Hoffman, Liu & Yang 1983] or GACC |l-(y-glu-  
tamylamino)cyclopropane-l-carboxylic acid; Martin et al.
1995]. Ethylene concentrations p e r  se  were measured in 
submerged R. palustris  leaves o f  various ages to investi­
gate whether ethylene concentration gradients exist within 
submerged plants. Finally, ethylene dose-response curves 
were used to quantify the ethylene sensitivities o f  petioles 
and leaf blades o f  the two Rumex  species.
MATERIALS AND METHODS 
Plant materials and growth conditions
Seeds o f  Rumex palustris  Sm. and R. acetosella  L. co l­
lected from field populations around Nijmegen. The 
Netherlands, were incubated on moist filter paper in Petri 
dishes under a 12 h d ay /12 h night regime (PPFR 25 /J\no\ 
ir f2 s-1; 25 -27 /10  °C) for 7 -1 0  d. Seedlings were then 
transferred to 200 cm 3 pots filled with a mixture o f  sand 
and standard peat-based potting compost ( 1:1 v/v) and 
grown in a growth chamber (16 h day/8 h night; PPFR 
180 ¿iinol m“2 s ' 1; 2 0 -2 2  °C; 40-70%  RH) lor 15-22 d, 
and sprayed daily with 10 cnr tap water. Plants were used 
when the fifth leaf was emerging. All experiments were 
performed under similar temperature and light conditions 
to those described for the growth chamber.
Assay for ACC and conjugates
After transfer to the laboratory, the plants were left to 
acclimatize for 1 d before they were either completely sub­
merged in tap water for 4 h or kept drained. Previous work 
showed that, after 4 h under water, ACC in R. palustris  
plants is at its maximum (Banga et al. 1996). At harvest, 
the petioles and leaf blades o f  leaves 3, 4 and 5 were sepa­
rated, fresh weights were determined and plant parts were 
frozen in liquid nitrogen. A sample consisted o f  eight peti­
oles or leaf blades from submerged plants. Samples from 
drained control plants were made up o f  15 petioles or leaf 
blades. Three to six replications were used.
Plant material was homogenized and extracted twice at 
low temperature with 4-5 cm 3 o f  96% (v/v) ethanol. After 
centrifugation, the supernatant was evaporated to dryness 
in a vacuum at 55 °C (Speed vac Jouan RC10-10) and dis- 
solved in 4 cm o f  distilled water. To quantify the concen­
tration o f  conjugated ACC (= MACC + GACC), a portion 
o f  the aqueous extract was hydrolysed in 1-84 mol dm“3 
HC1 at 100 °C for 3 h and then neutralized with NaOH 
according to Hoffman et al. (1983). ACC was determined 
using the method described by Lizada & Yang (1979) with 
internal standardization. In the assay ACC is chemically 
converted in equimolar amounts o f  ethylene which was 
determined on a Chrompack Packard gas chromatograph 
model 438 A fitted with a Porapack Q column (length 
100 cm) at 60 °C packed to 0-34 g cm"3 and a flame ioniza­
tion detector. The difference in ACC content before and 
after hydrolysis was taken as the concentration o f  conju­
gated ACC. All concentrations were determined on a fresh 
weight basis.
From an extra set of 60 similar plants, fresh/dry weight 
ratios were quantified for all plant pails and treatments. Each 
sample consisted o f  two petioles or leaf blades and three 
replications were used. The ratios were used to calculate 
concentrations on a dry weight basis. The effects o f  submer­
gence on the concentrations o f  free and conjugated ACC 
were tested statistically by /-tests (Sokal & Rohlff 1981).
Endogenous ethylene concentrations
To prevent confounding o f  ethylene production rates by 
the activity o f  soil micro-organisms (Arshad & 
Frankenberger 1990), the soil was gently removed from 
the roots before measurements were made. To determine 
endogenous ethylene concentrations in leaves o f  various 
ages, all leaves but one [leaf 3, leaf 4  or leaf 5 (= youngest 
leaf)] were removed. Groups o f  three or four R. palustris  
leaves o f  the same age were placed together on 100 cm 
glass vials filled with ballotini and 15 cnr o f  tap water 
according to Horton (1992). A vial without plant material 
was used as a zero-ethylene reference. Vials were placed 
individually in open 600 cm 3 glass cuvettes that contained 
400 cm' o f  tap water, but the plant material was not yet 
submerged. Wound ethylene production lasted for 8 -1 0  li 
(data not shown). Therefore, the start o f  submergence 
treatment was delayed for 16 h.
After 24 h submergence, when ethylene accumulation is 
very high, the endogenous ethylene concentration was 
determined as follows. Cuvettes were closed and con­
nected to a flow-through system which was flushed with 
pure nitrogen (How rate 4 dm3 I f 1) in line with a laser- 
driven photoacoustic ethylene detection system as 
described in Voesenek et al. (1992). The cuvettes were 
darkened with aluminium foil and the How rate slowed to I 
dm3 h”1. Without opening the cuvette, the leaves were 
desubmerged in an atmosphere without oxygen. Under 
these conditions ethylene production was completely pre­
vented, because oxygen is necessary for the conversion of 
ACC to ethylene (Adams & Yang 1979). The ethylene that 
had accumulated in the leaves during submergence was 
released within minutes and could be quantified without 
contamination by post-submergence ethylene production 
(Voesenek et al. 1993). Thereafter, the internal gas volume 
of the plant material was determined by a modified pyc-
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nometer method (Jensen et al. 1969; Banga et al. 1995). 
Dividing the amount o f  entrapped ethylene by the internal 
gas volume gave the ethylene concentrations in the inter­
cellular gas spaces o f  the leaves just prior to desubmer­
gence. Four to six replications were used.
Ethylene sensitivity
After soil removal, plants were placed individually in 10 cm3 
glass bottles containing 5 cm3 o f  a 5 mmol dm 3 phosphate 
buffer (KH2P 0 4, K2H P 0 4; pH 6-15) to which 0 0 5  mmol 
dm 3 AVG (aminoethoxyvinylglycine) was added. It was 
considered that this concentration o f  AVG prevented 
endogenous ethylene production, since it almost completely 
inhibited wounding-induced ethylene production (data not 
shown). Groups of 10 plants were placed in desiccators and 
seven or eight desiccators were used for each species. The 
desiccators were flushed with humidified air for about 16 h to 
allow the plants to acclimatize. Thereafter, for leaves 1-4, the 
initial lengths o f  petioles and leaf blades were measured with 
a ruler. For the youngest leaf (= leaf 5), total leaf length 
(= petiole + leaf blade) was determined since its petiole and 
leaf blade were still indistinguishable. The desiccators were
c
closed and known amounts of pure ethylene were injected to 
obtain seven (/?. palustris) or eight (R. acetosella) ethylene 
concentrations, ranging from 0 to 89 jjmo\ mol-1. In desicca­
tors without ethylene, an open Petri dish filled with a potas­
sium permanganate-based absorbent ( ‘Ethysorb', Stayfresh 
Ltd, London. UK) was included. Ethylene concentrations 
were checked using the above-mentioned gas chromato­
graph. The oxygen concentration was 21% throughout the 
experiment. The carbon dioxide concentration, which was 
330 /.¿moI mol 1 at the start of the experiment, was depleted 
during light periods and rose to about 2000 jumol m o l 1 dur­
ing dark periods, but showed an overall decrease. Therefore, 
during the light periods, the carbon dioxide concentration 
was replenished every 2-5 h to 500 ¿¿mol m ol“1. Oxygen and 
carbon dioxide concentrations were determined using a CP- 
9000 gas chromatograph with a Hayesep Q column (length 
200 cm) and a molecular sieve 5 A column (length 200 cm) 
and a TCD 903 detector. After 48 h, all lengths were deter- 
mined again and the elongation rates o f  petioles, leaf blades 
and total leaves calculated.
Statistical analysis of ethylene sensitivity data
For each parameter (elongation rate o f  petioles 1-4, leaf 
blades 1-4  and total leaves 1-5), the null hypothesis, that it 
is not affected by the applied range o f  ethylene concentra­
tions, was tested by one-way A N O V A  (according to 
Weyers et al. 1987). Rejection o f  this hypothesis at the 
95% level (P  <  0-05) indicates that the parameter con­
cerned is sensitive to ethylene.
For elongation parameters that are sensitive to ethylene, 
a dose-response curve was constructed based on the equa­
tion o f  Peng & Weyers (1994):
R =  Rmw + [ ( « a m p  X(tft>/([W15„"+  [H I")).
where R is the elongation rate measured; /?MIN is the mini­
mum rate o f  response, i.e. the elongation rate in the 
absence of hormone; /?AMP is the difference between /?MAX 
and Rm,n, i.e. the increase of the elongation rate caused by 
a saturating concentration o f  applied hormone (RMAX 
being the maximum rate of response); \H\ is the hormone 
concentration; [H\5() is that hormone concentration giving 
a response o f  (0-5/?AMP) + R M,N and p  is the interaction or 
Hill coefficient.
In this paper, the mean elongation rate without ethylene 
was taken as RMIN, since plants had been pre-treated with 
the ethylene biosynthesis inhibitor AVG and no ethylene 
was detected in control desiccators. This mean value of  
Rmin was subtracted from all elongation rates (/?) mea­
sured and (R -  RMiN) was plotted on the K-axis against 
log[C2H4| on the X-axis. Using mean values, initially all 
three sensitivity parameters, /?AMP, [//]50 and p ,  were esti­
mated by the non-linear regression method of Weyers et al.
(1987). Since curves with a good fit (r2 > 0 -9 8 )  yielded p  
values close to 1 and no physico-chemical interpretation 
can be provided for the interaction coefficient (Paterson, 
Weyers & A'Brook 1988), we decided to take p  to be 1. 
This lowered the goodness of fit, especially when r  was 
already relatively low, but hardly changed the estimated 
values of RAMP and [H]50.
RESULTS
Free and conjugated ACC were determined in whole 
leaves, petioles and leaf blades o f  various ages. The differ­
ences between drained and submerged plants give infor­
mation about ethylene synthesis during submergence.
Both free and conjugated ACC were present in all leaves 
under study (Fig. 1). Under drained conditions, ACC and 
ACC conjugate levels were slightly higher in younger than 
in older leaves. In submerged plants, free ACC accumu­
lated in all leaves and ACC conjugates significantly 
increased in leaf 4. In general, the concentrations o f  free 
and conjugated ACC were about twice as high in petioles 
as in leaf blades (Fig. 2). Upon submergence, ACC accu­
mulated in most petioles and leaf blades, whereas ACC  
conjugation was only apparent in petiole 3 and leaf blade 4. 
After 4 h o f  submergence, the petiole o f  the fourth leaf did 
not have enhanced levels o f  either free ACC or its conju­
gates. The youngest petiole only showed a strongly 
increased level o f  free and not o f  conjugated ACC.
After 24 h o f  submergence, ethylene had accumulated in 
all R. palustris  leaves studied. However, no differences 
were found between leaves o f  various ages. The mean 
ethylene concentrations (± SE; u =  5 -6 )  in the internal gas 
spaces o f  leaves 3, 4 and 5 were 4-1 ± 0-3, 3-9 ±  0-4 and 
3*9 ±  0-5 fjmol m o P 1, respectively.
The elongation rates o f  leaves 3, 4 and 5 o f  R. palustris  
were found to be sensitive to ethylene, whereas the elonga­
tion rates o f  the two oldest leaves were not (Table 1). 
Ethylene stimulated the elongation o f  sensitive leaves and 
this response was always saturated at concentrations over 
1 /.¿mol m o F 1 (Fig. 3a). When petioles and leaf blades were
© 1996 Blackwell Science Ltd, Plant, Cell and Environment, 19, 1423-1430
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Figure 1. Mean concentrations o f  free (a) and conjugated (b) 
ACC (± SE: h = 3 -6 )  in leaves (= petiole + leaf blade) o f  R. 
palustris plants after 4 h o f  drainage (open bars) or submergence 
(cross-hatched bars). Leaf 5 is the youngest leaf. DVV = dry 
weight. Asterisks indicate significant differences betweenc  C
treatments within shoot organs and parameters 
(*0 05 > P > 0 0 1: **0-01 > P >  0 0 0  I ). Mean recovery ± SE of 
ACC was 87 ± l%. After hydrolysis o f ACC conjugates, mean 
recoveries ± SE were 77 ± I % and 66 ± 2% for ACC and 
MACC, respectively.
Ethylene biosynthesis is not confined to the elongating tis­
sues, but takes place throughout the shoot o f  R. palustris  
plants. This is concluded from the presence o f  free and 
conjugated ACC in all petioles and leaf blades studied 
(Fig. 2).
Generally, in drained plants, formation o f  ACC is the 
rate-limiting step in the biosynthesis o f  ethylene. Thus, 
high levels o f  ACC and ACC conjugation indicate fast 
rates o f  ethylene production (Hoffman et al. 1983; Kende 
1993). Therefore, we conclude that, in shoots o f  drained R. 
palustris  plants, the ethylene production rate is relatively 
high in the petioles o f  the two youngest leaves, because it 
is here that the highest levels o f  free and/or conjugated 
ACC were found (Figs l & 2). These results are in accor­
dance with the work o f  Morris & Larcombe (1995) 
describing phloem-transport o f  free ACC from mature 
expanded leaves into young leaves in cotton, and the obser­
vation o f  Osborne ( 19 9 1) that rapidly dividing and expand­
ing tissues produce relatively large amounts o f  ethylene.
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studied separately, it became clear that the responses o f  
leaves 3 and 4 could be entirely attributed to a stim ula­
tion o f  the elongation o f  their petioles. Elongation o f  
leaf blades o f  R. p a lu s tr is  was insensitive to ethylene  
(Table 2 & Fig. 4). In sensitive organs, the ethylene co n ­
centration giving a half maximum response ([ƒƒ]50) 
showed only a slight variation around 0-1 //mol m o l 1, 
but the response at saturating ethylene concentrations  
( / ? a m p )  varied greatly (Table 3). The strongest response  
was observed in the petiole o f  leaf 4, where the e lon ga­
tion rate at saturating ethylene concentrations ( /?MAx )  
was eight times higher than the basic elongation rate 
without ethylene (/?min)- 
Elongation by R. ace tose lla  leaves was insensitive to 
ethylene (Table 1 & Fig. 3), nor did a 48 h treatment with 
ethylene have any significant effects on the elongation  
rates o f  its petioles and leaf blades (data not shown). 
However, at high ethylene concentrations, the oldest 
leaves o f  some R. ace tose l la  plants showed chlorosis.
75
?
Q
Ctf)
o 50
B
d
o
H 25 +-> 
d <u o 
d o
U
0
(b)
*★
Figure 2. Mean concentrations o f  free (a) and conjugated (b) 
ACC (± SE; n = 3 -6 )  in petioles and leaf blades of/?, palustris 
plants after 4 h of drainage (open bars) or submergence (cross- 
hatched bars). Leaf 5 is the youngest leaf. P = petiole; LB = leaf 
blade; DW = dry weight. Asterisks indicate significant differences 
between treatments within shoot organs and parameters 
(*0 05 > P > 0 01; ***P  <0*001). For recovery percentages see 
the legend to Fig. 1.
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Table 1. Tests for ethylene sensitivity of the elongation rates of 
leaves (= petiole + leaf blade) of/?, palustris and R. cicetosella 
plants. Per species and leaf, a one-way ANOVA between 
elongation rate and ethylene concentration was calculated. Leaf I 
is the oldest and leaf 5 is the youngest leaf
Elongation rate of: P Conclusion
R. palustris
Leaf 1 0 -1373 not sensitive
Leaf 2 ()• 1740 not sensitive
Leaf 3 <00001 sensitive
Leaf 4 <00001 sensitive
Leaf 5 0-0166 sensitive
R. acetosella
Leaf 1 0 4 6 3 2 not sensitive
Leaf 2 0-2868 not sensitive
Leaf 3 0-4679 not sensitive
Leaf 4 0-1337 not sensitive
Leaf 5 0-2120 not sensitive
within I h o f  submergence. Thereafter, it rises even further, 
and despite some fluctuations always remains well over 
l /imol m o L 1 (Banga et a i ,  1996). This shows that the 
elongation response is saturated after only 1 h o f  submer­
gence. The fact that the response to submergence can be 
mimicked almost exactly by exogenously applied ethylene 
(Voesenek & Blom 1989b; Rijnders et al. 1996) further 
illustrates the importance of ethylene sensitivity. Similar 
dose-response curves have been published for coleoptiles 
and excised stem sections o f  deepwater rice (Bleecker, 
Rose-John & Kende 1987; Sanders et al. 1990) and intern­
odes of Callitriche p la tycarpa  (Musgrave et al. 1972), 
where ethylene stimulates elongation, and for leaves of  
rice (Bleecker et al. 1987), the epicotyl of pea, the
OO
In submerged Rumex  plants, however, the conversion of  
ACC to ethylene is inhibited and both free and conjugated 
ACC accumulate (Banga et al. in press).  Hence, we deduce 
that the large increase in ACC and its conjugates indicates 
a slow ethylene production rate under water. Within the 
shoots o f  submerged R. palustris  plants, the youngest peti­
ole may have a relatively low ethylene production rate, 
because this showed the strongest submergence-induced  
ACC accumulation (Fig. 2). In petiole 4, ethylene produc­
tion rate may be highest, since it is the only tissue where 
ACC or its conjugates did not change during submergence. 
We conclude that, in submerged R. palustris  plants, ethy­
lene biosynthesis takes place throughout the shoot, but pro­
duction rates vary locally. Nevertheless, the ethylene con­
centration (4 j jmol mol-1) was remarkably similar in all 
leaves after 24 h o f  submergence. Hence, in submerged R. 
palustris  plants, the ethylene concentration does not seem  
to be spatially controlled and cannot explain the differ­
ences in shoot elongation observed between leaves o f  vari­
ous ages. This is not surprising, assuming a rapid diffusion 
takes place through the many intercellular gas spaces. 
Moreover, regulation o f  the ethylene concentration 
through changing ethylene production rates would be 
unlikely since physical entrapment is likely to be the domi­
nant influence under submerged conditions (Musgrave et 
a i  1972; Voesenek et al. 1993).
Therefore, we conclude that differences in ethylene sen­
sitivity must form the physiological basis for the observa­
tion that only the petioles o f  younger leaves show the sub- 
mergence-induced elongation response. In accordance 
with this view, exogenously applied ethylene only stimu­
lated the elongation o f  (the petioles of) young leaves 
(Tables 1 & 2; Figs 3 & 4). The dose-response curves 
show that these responses were saturated at ethylene con­
centrations over 1 jit mol m o l 1. In R. palustris  plants, the 
ethylene concentration rises to levels o f  > I ¿¿mol mol-1
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Figure 3. The effects (± SE; n = 10) of various ethylene 
concentrations on the elongation rates of the leaves of R. pcilustris 
(a) and R. acetosella (b) plants. Leaf 1 (= the oldest leaf) is 
represented by ■ .  leaf 2 by ▼ leaf 3 by ♦ ,  leaf 4 by ▲ and leaf 5 
(= the youngest leaf) by # .  N.d. means that no ethylene was 
detected in treatments without ethylene. Plants were pretreated with
0 05 mmol dm -3 AVG. If the effect of ethylene on the elongation 
rate of a leaf was statistically significant, a dose-response curve of 
the form R -  /?MIN = {(/?Amp x W V ( W so + 1^1)} was constructed 
by non-linear regression. Mean values of RM,N (± SE): R. palustris:
leaf 1 = 0-22 ±0-15; leaf 2 = 2-44 ± 0-85; leaf 3 = 5-00 ±  1 -03; leaf 
4 = 7-33 ± 0-76; leaf 5 = 12-56 ± 1-45; R. acetosella: leaf
1 = 0-80 ±  0-36; leaf 2 = 2-10 ± 0-77; leaf 3 = 2-80 ± 0-79; leaf 
4 = 5-60± 109; Ieaf5= 15-20± I-97 mm(48h r 1.
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Table 2. Tesi is for ethylene sensitivity of the elongation rates of 
petioles and leaf blades of/?, palustris plants. For each shoot 
organ, a one-way ANOVA between elongation rate and ethylene 
concentration was calculated
Elongation rate of: P Conclusion
Petiole 1 0*2218 not sensitive
Petiole 2 0-5994 not sensitive
Petiole 3 <00001 sensitive
Petiole 4 <00001 sensitive
Leaf blade 1 0-3955 not sensitive
Leaf blade 2 0-4473 not sensitive
Leaf blade 3 0-1433 not sensitive
Leaf blade 4 0-1474 not sensitive
(b)
I▲
i
OO
E
£
co
•  » H  
•*— » a 
txD C JD
s
0 tT
i 1 -L
nr
ï
n.d. 0.01 0.1 1 10 100
E th y le n e  c o n c e n t r a t io n  ( j im ol m o l '1)
Figure 4. The effects (± SE: // = 10) of various ethylene 
concentrations on the elongation rates o f  petioles (a) and leaf 
blades (b) of/?, palustris plants. Leaf 1 (= the oldest leaf) is 
represented by ■ .  leaf 2 by ▼ leaf 3 by ♦  and leaf 4 by ▲. N.d. 
means that no ethylene was detected in the treatment without 
ethylene. Plants were pretreated with 0-05 mmol dm 3 AVG. If the 
effect o f ethylene on the elongation rate of a petiole was 
statistically significant, a dose-response curve of the form /? -
/?min = { (^ami> x \HW\H\s{)  + [A/|)J was constructed by non­
linear regression. Mean values of /?lVnN (± SE): petiole
1 = 0-22 ± 0 -15; petiole 2 = 0-89 ± 0-31: petiole 3 = 2-33 ± 0-62; 
petiole 4 = 1 -56 ± 0-34: leaf blade I = 0-00 ± 0-24; leaf blade
2 =  I -56 ± 0-65; leaf blade 3 = 2-67 ± 0-80; leaf blade
4 = 5-78 ±0-64  mm (48 h)"'.
hypocotyls o f  bean, cotton (Goeschl & Kays 1975) and 
Arabiclopsis thaliana (Chen & Bleecker 1995) and the peti­
oles of Rumex acetosa (Voesenek et al., 1996) where elon­
gation is inhibited by ethylene.
The age-dependent variation in the magnitude o f  the 
response (/?AMP; Table 3) of/?, palustris leaves or petioles 
may be caused by changes in receptor concentration or by 
changes in the successive steps o f  the transduction path­
way, the so-called response capacity (Firn 1986; Weyers et 
al. 1987). In /?. palustris, younger leaves that develop dur­
ing ethylene treatment are more responsive to ethylene 
than older leaves. This phenomenon has also been 
described for leaf elongation in Nymphoides peltata (Ridge 
1992). Decreases in the responsiveness o f  older leaves, and 
the insensitivity o f  the leaf blades, may be caused by a low­
ered response capacity. In stem sections o f  deepwater rice, 
submergence-induced elongation takes place as long as the 
orientation o f  cellulose microfibrils (CMFs) in the epider­
mis is in the direction o f  growth. When epidermal cells 
mature, their orientation changes to oblique and elongation 
is restricted (Sauter, Seagull & Kende 1993). This mecha­
nism may also be involved in older tissues and leaf blades 
of/?, palustris plants.
In /?. acetosella plants, ethylene concentrations ranging 
from 0 02 to 27 ¿/mol mol 1 had no effect on the leaf elon­
gation rates (Table I & Fig. 3b). /?. acetosella plants are 
exceptional in this respect, since in most plants elongation 
is either inhibited or stimulated by ethylene. In addition, 
ethylene does not negatively regulate its own production in 
submerged /?. acetosella plants (Banga et al., 1996). 
Nevertheless, plants o f  this species are not complete!\ 
insensitive to ethylene, since old leaves became slightly 
yellow in response to ethylene concentrations over 
0-5 //mol mol "V
Our work shows that R. palustris is able to regulate its 
responsiveness to ethylene in such a way that only the peti­
oles o f  young leaves elongate faster when submerged. This 
response helps to restore leaf-air contact o f  the youngest 
leaf blades, which seems to be a good investment because 
o f  their expected high photosynthetic capacity and long 
lifespan (Ridge 1987). In flooding-intolerant R. acetosella, 
elongation o f  petioles and leaf blades is insensitive to ethy-
Table 3. Estimated parameters o f  the dose-response curves in Fig 
3a and 4a describing the kinetics o f  ethylene-induced shoot 
elongation in /?. palustris plants. Curves o f  the form /? -  /?M in  = 
|(/\)a m p x |/7 |) /( | / - / |„ )+ \H\)} were estimated using non-linear 
regression. For further details, see ‘Materials and methods’
Shoot organ r
“ A M P
[mm (48 h)_l] ((.i mol mol ')
Leaf 3 0-67 3-8 ± 0-6 0*05 ± 0*05
Leaf 4 0-98 13-8 ± 0-5 0*09 ±0-01
Leaf 5 0-97 7-4 ±0-3 0*05 ±0*01
Petiole 3 0-49 2-6 ± 0-8 0-14 ± 0-19
Petiole 4 0-99 12-2 ± 0*3 0-13 ± 0-02
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lene. This explains the lack o f  a promotion o f  elongation 
by submergence. The ability o f  young petioles o f  R. palns-  
iris to elongate faster in response to ethylene represents the 
principal physiological mechanism determining its long­
term survival o f  flooded conditions and thereby its Hood­
ing resistance.
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